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A B S T R A C T
Paris Charles de Gaulle Airport also known as Roissy Airport is the world’s eighth-busiest
airport in passengers served. In May 2004, the news of collapse of a portion of Terminal 2E
leaving four casualties shook the world. Luckily, no boarding had been taking place in the
collapsed area which consisted of a boarding area and three footbridges. This part of the
terminal had an innovative design consisting of a vaulted concrete tube. We chose to
model a representative part of the terminal to observe the structure’s behavior. The
purpose of our research is to explain the structure’s collapse and to see if there were
deﬁciencies from the design phase. Also, our new ﬁne-grained model using Ansys Software
makes it possible to explain the progressive collapse of the structure, which was the main
challenge of our study. Moreover, a sensitivity analysis was performed in order to study
the importance of each of the variables taken into account in the model.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Terminal 2E, with a daring design and wide open spaces, was Charles de Gaulle Airport’s newest addition. Terminal 2E had
been inaugurated in 2003 after some delays in construction. On the 23rd of May 2004, not long after its inauguration, a part
of Terminal 2E’s ceiling collapsed early in the day, leaving four casualties. Some questioned the construction methods as
being the primary cause, which were rushed as the project was a month behind schedule due to technical problems, and
some have also considered the possibility of improper design as the cause of the accident. In the following, a deterministic
analysis and a mechanical reliability assessment will be elaborated. We will show the importance of reliability assessment
and long term strains of materials, especially for public constructions where the human and economic repercussions are
heavy to bear. The purpose of our research is to study the problem using the available data in order to examine the real
reasons of the incident, to see if it were possible to predict the structure’s failure from the beginning and to simulate the
progressive collapse of the structure.
2. General overview of Roissy’s Terminal 2E [1]
We will ﬁrst describe the terminal, its different construction phases, the incidents that occurred before the accident and
the collapse itself. Then we will present in a general way the principle of ﬁnite element modeling, recommendations for good* Corresponding author. Tel.: +961 1 421354; fax: +961 4 532645.
E-mail address: wassim.raphael@usj.edu.lb (W. Raphael).
http://dx.doi.org/10.1016/j.csefa.2015.03.003
2213-2902/ 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Fig. 1. General view of the terminal.
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shrinkage).
2.1. Description of the terminal
Terminal 2E consists of three parts: the main building, the boarding area and the isthmus that connects the two buildings.
The boarding area is formed by a succession of ten shells giving access to aircrafts through nine gateways (Fig. 1).
The 650 m long terminal is made up of a series of 4 m wide panels adjacently connected, forming a deformed tube which
rests on parallel longitudinal beams. Structurally it acts as a form of an extreme portal frame. There is a 30 cm thick precast
concrete shell and a steel external tension truss, with simple vertical struts connecting the elements. The tube is surrounded
by a glazed roof which feeds light into the structure through square voids cast into the shell (Fig. 2). Three walkways are cut
into the structure (it was at one of these points that the structure failed). These footbridges link the boarding area to the
central area of the terminal.
2.2. Construction of the terminal
A full-scale prototype consisting of two common arcs (total height of 18 m, maximum opening of 31 m) based on four
columns was achieved. But it is interesting to note here that the prototype did not allow testing the behavior of the extremity
zones of the shells or the behavior of beams. It should be also noted that it is after the striking that the shell takes in its own
weight. The striking was accompanied by an instantaneous deformation of 10 cm vertically while the design had predicted
2.8 cm. These deformations continued later on with time. This observation lets us imagine the consequences in the case of
striking of asymmetrical arcs where the footbridges are located.
2.3. Incidents before the collapse
Between the beginning of the construction phase and the date of the collapse, many incidents took place: right after
installing the ﬁrst rings, cracks were seen in the columns. After the striking, we had instantaneous deformations and a
spreading of the shell. This deformation continued over time because of the creep and shrinkage of the concrete. Cracks near
the ﬁxation plates of the footbridges were observed in zones where the collapse occurred. These cracks have been attributed
to the deformation of the shell, but without showing any undue concern. Transverse cracks appeared very quickly in the
midline (under the support line of struts) of all solid elements located at the extremity of the shells.
2.4. Collapse of the terminal
On Sunday May 23rd at 6:57, six arcs located in the boarding pier collapsed abruptly with a loud cracking noise (Fig. 3). A
police lieutenant who witnessed the collapse found around 6:45, a signiﬁcant tear in the lateral wall of a concrete element of
a solid shell adjacent to the footbridge in the middle of the zone which later on collapsed. This tearing was reported about
5:30 by a cleaning crew and it also seemed that there was concrete dust that fell before the accident. The following
Fig. 2. Close view of the structure.
Fig. 3. Collapsed zone of the terminal 2E.
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whereas on the Northern side, some struts perforated and went through the shell however arcs stayed on the columns but
were fractured.
2.5. Potential causes
The experts pointed out that there was no single fault, but rather a number of causes for the collapse, in a design that had
little margin for safety. The inquiry found the concrete vaulted roof was not resilient enough and had been pierced by
metallic pillars and some openings weakened the structure. Sources close to the inquiry also disclosed that the whole
building chain had worked as close to the limits as possible, so as to reduce costs. Some people also denounced the building
companies for having not correctly prepared the concrete.
Having said that, it is necessary to model the collapsed part of the terminal to try to ﬁnd the real causes of the collapse. For
this, we expose in the following the geometry and the model of the structure.
3. Modeling the terminal
In a previous study, the terminal was modeled using ST1 software by a bar model that required 1558 nodes and 2320 bars.
[1].
Fig. 4. Ansys model.
Table 1
Mechanical characteristics of the elements.
Concrete Steel (tie rods and struts)
Type B 40 fc = 40 MPa Type S460 fy = 460 MPa
Young’s modulus (long term) Ev = 12.65 GPa Young’s modulus E = 210 GPa
Young’s modulus (short term) Ei = 37.95 GPa
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elements, 12,978 nodes and 814 bars for struts and ties [2]. It has to be noted here that Ansys software allowed us to obtain a
ﬁne-grained model representing better the reality. The complexity of our structure has been considered: openings in the
shell, connection between the arcs by fragile corners iron, shortened arcs right on the gateways placement, and ﬁnally the
dissymmetry of the structure and the applied loads. This model using Ansys allowed us to properly take into consideration
both wind and temperature loads. It also made it possible to represent the progressive collapse of the structure, which was
the main breakthrough of our study.
The long term deformation of materials (creep, shrinkage, relaxation) have been taken into account in order to explain the
large deformations of the rings which lead to the ruin of structure [3]. We will describe here-after our model, its geometry, its
characteristics and its loads. We will study the results that it gives us and by doing so we will assess the deterministic part of
our research.
3.1. General description of the model
We chose to model the ﬁrst eight rings starting from the isthmus. By doing so, we took into account the openings of three
gateways and a common ring (Fig. 4). First of all, we generate the code for the ﬁrst ring by creating the neutral axis’ points on
the theoretical outline. In the same way, we draw the second ring tangent to the ﬁrst. We note that some rings are shortened
because of the footbridges. In that case, the neutral axis is cut.
3.2. Elements’ characteristics
The concrete structure is stiffened by struts and ties. The struts and ties are modeled by bar elements. The bars forming
the struts are biarticulated and connected to the rod and the ring with rigid elements. The anchoring of the tie rods in the
reinforced area is formed by a rigid element. As for the beams, they span the length of the designed area. They are connected
to the tip nodes of the rings by rigid elements. Each line of beams rests on a row of columns (that are 8 m apart) by means of
bearings each placed on the top of a pillar. The eight rings are linked to each other by transversal angle irons. These angle
irons hold the different arcs together.
The mechanical characteristics we used for the materials are listed in Table 1:
3.3. Loads
The loads are taken as following: The dead weight of the structure is computed by Ansys.
 The glazed roof weight is considered as a linear load which is based on the areas concerned.
 The gateways weight is modeled by a vertical force Fz = 120 kN in two points of attachment for each of the three
gateways.
Table 2
Deﬂection values on the short and long terms, for ultimate limit state.
Loads Short-term deﬂection (cm) Long-term deﬂection (cm)
G
Dead load 7.47 12.20
Glazed roof weight 1.36 2.23
Gateways weight 0.146 0.368
T
Thermal gradient 0.705 0.539
W
Wind 1.02 1.81
ULS
P
G 8.97 14.8
1.35G + 1.5T + 1.5  0.6W 12.20 19.20
1.35G + 1.5W + 1.5  0.6T 11.15 17.70
Table 3
Deﬂection values for different scenarios.
Scenarios Short term deﬂection (cm) Long term deﬂection (cm)
Value given by our Ansys model 12.20 19.20
Value given by our ST1 model 11.74 18.58
Measured value on site 10.00 20.00
Value predicted by the design ofﬁce 2.80 5.00
Allowable value 12.40 12.40
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 The thermal gradient: since an extremely low temperature (20 8C) was reached the night preceding the accident, we took
into consideration this unusual temperature. After applying thermodynamic calculations to the structure, we obtain a
thermal gradient ranging from 7 8C on the inside of the concrete shell to 13 8C on the outside.
4. Comparison between different results
The analysis is ﬁrst conducted on a short term, taking into consideration the permanent loads as well as the wind and the
thermal loads. The analysis is also done on the long term, taking into account the same loads as the previous analysis, as well
as the long term effects of concrete (creep, shrinkage) [4]. For the short term, we have considered the short-term elastic
modulus Ec = 37 GPa; while for the long-term, we have considered Ec = 12 GPa. The results are presented in Table 2.
Table 3 represents several values of the deﬂection for different scenarios with a comparison to the previous results
obtained using ST1 software [1].
We notice ﬁrst of all a high increase between short and long terms which exceeds 60%. The difference between both states
is higher than values usually found in the literature [5]. Also, the obtained results using ST1 and Ansys software conﬁrm the
values measured on site. This allows us to validate our model. We note a remarkable difference for both short and long term
deﬂections between predicted results and the ones measured on site. This proves that the simulation of the structure by the
design ofﬁce was not very accurate. Finally, on the long term, the measured deﬂection as well as the one given by Ansys
exceeds the allowable value of 12.40 cm.
5. Progressive collapse
In order to explain the succession of the collapse’s incidents, we have simulated the collapse (dead weight, wind load,
thermal gradient, creep of concrete, etc. are taken into account). A punching of the shell by struts clearly explains the
phenomena observed by the witnesses and the condition of the shell after the collapse. We therefore compute the ultimate
resistance to puncture and we notice that the efforts in the struts exceed the shell’s capacity of 1.43 MN which has been
calculated taking into account the presence of reinforcements and the effect of the compressed shell [1,6]. Fig. 5 shows us
where the maximal moment in the shell is located. At that point, the structure is weakened, the efforts in the struts exceed
the shell’s maximum resistance, and the shell is therefore punched.
As for simulating the ‘‘progressive’’ collapse, we start by decreasing the modulus of elasticity of the punched area of the
shell.
The decrease of Young’s modulus is justiﬁed by the following [14]:
We know that: s = Ee
We can also write: s = (1  D)Eewhere
Fig. 5. Initial bending moment distribution in the shell.
Fig. 6. The new distribution of the moment in the shell for D = 0.50.
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D = 1 if the material is damaged.
D being a damage parameter relative to the history of deformation.
Fig. 6 shows the new distribution of moments in the shell after decreasing the role of the punched elements of the shell
(by taking D = 0.50).
We proceed with the same strategy, minimizing Young’s modulus in the yielded parts of the structure in order to observe
the structure’s behavior. Fig. 7 shows the new distribution of moments in the shell after nearly canceling the role of the
yielded elements (for D = 0.95).
At the ﬁnal state, the moment in the shell where the footbridges are located is greater than the one in the other side. The
moment exceeds by far the shell’s resistance. The structure failed with no doubt at this location. Indeed, we have a fail over of
shell elements from one side and a fracture of these elements on the other as we can see in the following pictures (Fig. 8).
6. Sensitivity analysis
In previous works [1,7], a reliability-based assessment of the structure was made in terms of deﬂection [8,9]. A
mechanical-reliability coupling was performed between the design software and Phimeca. Results gave us a reliability index
b of 1.824. Since an airport is considered to have a very serious ﬁnancial impact, and since it endangers a large number of
Fig. 7. Final distribution of moment in the shell after canceling the role of the yielded elements (D = 0.95).
Fig. 8. Condition of the shell after the collapse.
Table 4
Sensitivities of each of the variables.
xi Sensitivity Numbers related to the cake slices in Fig. 9
Materials
Concrete fck 90.3% 1
Steel fyk 1.8% 2
Loads
Dead load G 4.1% 3
Glazed roof weight V 0.2% 4
Gateways weight P 1.9% 5
Thermal gradient W 1.4% 6
Wind T 0.4% 7
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structure presented a deﬁciency from the beginning according to the previous reliability study.
In the following, we have studied the sensitivities si of each of the variables [10,11]. The sensitivity measures reﬂect the
importance of each random variable drawn from the direction cosines. So, the reliability of the structure is affected by all
these variables. The sensitivities are calculated as following:
si ¼
@b
@xi
where b is the reliability index and xi is the mean value of the considered variable i.
The sensitivities si of each of the variables are given in Table 4 and represented in Fig. 9.
We notice that the concrete compressive strength is by far the most sensitive variable. This means that a slight change or
insecurity that could affect the concrete (design, mixing, casting. . .) would induce a large effect on the reliability of the
structure. This variable should necessarily be controlled by a quality control on the worksite.
Fig. 9. Distribution of the variables’ sensitivities si.
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We studied the deﬂection of the structure and compared our results with the ones measured on site and the ones
predicted by the design. Our model conﬁrmed the measured values on site. It took into account the long term effects of
concrete and contained the thermal gradient load. The engineering design company did not take into consideration these
points. The real deﬂection exceeds by far the one predicted by the design on both short and long terms.
We simulated a progressive collapse by reducing the rigidity of the elements which yielded. The perforation of the shell
followed by its fail over from one side and its fracture on the other was explained by the study of the redistribution of efforts
and moments. The progressive collapse simulation explained the different incidents of the collapse.
Moreover, the sensitivity analysis showed us that the most ‘‘sensitive’’ variable was the compressive strength of concrete.
A slight change in the value of this variable would have major effects on the reliability of the structure.
These facts justify that construction defects, poor quality of the concrete and an improper design all together caused the
collapse.
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